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The objective of this study was to determine how magnetic 
properties such as coercivity, hysteresis loss and initial 
susceptibility of AISI 4140 steels depended on the expended fatigue 
life. If one or more of these magnetic properties was found to be 
sensitive to fatigue cycling, then it should be possible to devise a 
magnetic NDE technique based on these results, for monitoring of 
in-service components subjected to fatigue cycling. 
It is well known that fatigue causes the majority of service 
failures due to mechanical causes, and some authors have even stated 
that at least 90% of these are fatigue failures[lJ. Numerous examples 
of fatigue failures are cited in "Failure Analysis and Prevention" in 
the Metals Handbook[2J. In view of the high incidence of fatigue 
failures, it is therefore important that viableNDE techniques be 
developed for in-service monitoring of the mechanical condition of 
materials. In the case of ferromagnetic steels, the magnetic methods 
would appear to be well suited for these purposes since it is known 
from previous investigations[3,4,5) that the magnetic properties are 
strongly influenced by mechanical treatment. 
Fatigue Failure 
Fatigue is the process which leads to failure of a material under 
cyclic loading at stress levels well below those normally needed to 
cause failure under a tUlidirectional load. 
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Fig. 1. Typical S-N curve of a ferrous metal. 
Fatigue failure can be viewed from both a macroscopic and a 
microscopic viewpoint. On the macroscopic scale, the material is 
subjected to a cyclic stress, which if it is above the endurance limit 
oE will lead to a failure after a certain number of stress cycles as 
shown schematically in Fig. 1. Below the endurance limit fatigue 
failure does not occur, whereas above it the failure occurs at 
progressively fewer numbers of stress cycles. Of course, at the yield 
strength Oy the failure occurs before even one cycle is completed. 
It might be mentioned immediately that the fatigue characteristics 
of a specimen are strongly dependent upon its surface condition, and 
therefore it is not possible to give a definitive stress vs. life plot, 
such as shown in Fig. l, for a particular material. 
The final failure of the material is caused by the growth of a 
crack originating, in most cases, on the surface of the material. 
Fatigue usually results in a brittle fracture with very little evidence 
of deformation at the fracture, unlike a tensile test in which there is 
usually some "necking" of the specimen before fracture. The fracture 
surface in fatigue failure is nearly always normal to the direction of 
the stress. 
On the microscopic scale, stress cycling during fatigue causes the 
dislocations to move and after repeated ctcling the dislocations begin 
to coalesce into bundles of dislocations[ ,7] which results in regions 
with extremely high dislocation density (l0 13cm- 2 ), while the rest of 
the material has a very low dislocation density (10 7 cm- 2 ). 
Fatiguing does have certain features in common with unidirectional 
plastic deformation and failure. However, the final dislocation 
structures are markedly different. In the plastically deformed 
material, the dislocations are relatively homogeneously distributed 
throughout the material, whereas in the fatigued material, the 
dislocation distribution is highly inhomogeneous. 
The final stage of fatigue which involves crack initiation, growth 
and failure does not concern us directly here as we wish to devise NDE 
techniques for monitaring the progress of fatigue well before failure 
occurs. 
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Magnetjc Propertjes 
The bulk magnetic properties of steels can be reduced to about six 
basic parameters: coercivity, remanence, hysteresis loss, initial 
susceptibility, initial anhysteretic susceptibility and maximum 
differential susceptibility. It is known from previous work[8,9,10) 
that coercivity, hysteresis loss and initial susceptibility are 
affected by the dislocation density since the dislocations impede 
domain wall motion in the manner described in the theory of 
hysteresis[llJ. This means that at first sight, these magnetic 
properties should be useful indicators of the progress of fatigue 
darnage in ferromagnetic materials. 
The interactions between magnetic domain walls and defects can be 
described on the basis of models devised by Hilzinger and 
Kronmuller[l2,13J. Theseare the so called potential theories in which 
the domain walls are envisaged as completely planar, the rigid wall 
approximation. This limiting case applies where the pinning sites are 
very weak and the domain wall energy is high. The wall bowing model 
represents the other extreme of strong pinning with relatively low 
domain wall energy. In this case, the walls bendunder the action of a 
magnetic field, the flexible wall approximation. 
Both magnetic inclusions and dislocations pin domain walls. 
Therefore as the dislocation density is increased by fatigue cycling so 
the magnetic domain walls encounter more pinning sites, and it is tobe 
expected that both the coercivity and hysteresis loss would increase, 
while the initial permeability would decrease. Such results have been 
found in the case of unidirectional plastic deformation[8,9J. We 
expect that the original unstressed material, as well as the material 
after a low amount of fatigue cycling, will behave according to the 
rigid wall approximation . As the amount of fatigue cycling increases , 
resulting in very high localized dislocation densities which will act 
as strong pinning sites, we expect the material will behave according 
to the flexible wall approximation. 
It might also be anticipated that there would be significant 
changes in the Barkhausen activity[l4J. Although such measurements are 
not included in this paper, they are tobe included in subsequent 
investigations. 
Experimental Procedure 
A group of specimens of AIS! 4140 steel which had been given a 
normalizing heat treatment to produce a ferritefbainite microstructure 
was prepared for fatigue testing. These specimens all had nominally 
identical microstructures . They were subjected to fatigue cycling 
under strain control at strain amplitudes of either (dl/l)max- 0 . 002 or 
0.007. 
Estimates were made of the fatigue lifetime from previous studies 
of identical specimens. The specimens for the present investigation 
were fatigue cycled to 25%, 50% or 75% of their expected lifetimes as 
indicated in Table I. In one case, a specimen was fatigue cycled to a 
nominal "100%" of its fatigue life, although it had not failed. 
Magnetic measurements were made using a magnetic inspection system 
described previously[lS). The variations of selected magnetic 
properties with fatigue lifetime were then investigated. 
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Table I. 
Specimen Strain Amplitude Estimated Expended 
(dl/l)max Fatigue Life 
PF-l(A) 0.002 25% 
PF-2(A) 0.002 50% 
PF-l(B) 
PF-3(A) 0.002 75% 
PF-2(B) 
PF-3(B) 0.002 100% 
PF-4(A) 0.007 25% 
PF-5(A) 0.007 50% 
PF-4(B) 
PF-5(B) 0.007 75% 
Results 
There was a general trend in coercivity and hysteresis loss with 
fatigue cycling which revealed, as expected, an increase. However, it 
was also noticeable that the slight variations in microstructure from 
sample to sample also affected these properties to such an extent that 
it could mask the observed trend if all specimens were treated as a 
group. 
Fig. 2. 
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Change in coercivity with expended fatigue life for specimens 
fatigued at strain amplitudes of 0.002 and 0.007. 
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Change in hysteresis loss with expended fatigue life for 
specimens fatigued at strain amplitudes of 0.002 and 0.007. 
. . ?oncentrat~ng attention on the changes in the properties of 
1nd1v1dual spec1mens with fatigue cycling proved to be more fruitful. 
Results for a selection of specimens are shown in Figs. 2 and 3. For 
these it can be seen that although the actual value of the coercivity 
or hysteresis loss can vary within quite wide tolerances, the rate of 
chan~e of these properties with fatigue cycling was remarkably 
cons1stent. 
It was also noted that the remanence BR decreased with fatigue 
cycling. Such a decrease is probably due to residual, long range, 
compressive stress. 
Conclusions 
The increase in dislocation density caused by the progress of 
fatigue cycling causes the magnetic properties such as coercivity and 
hysteresis loss to increase. However, because slight changes in 
microstructure also strongly affect these properties it was found that 
for a given amount of fatigue cycling, there were quite significant 
differences in the values of these properties from sample to sample. 
Therefore, at this stage it is not yet possible to directly correlate 
the value of these magnetic properties with remaining fatigue life. 
However the results do show a consistent Variation of coercivity 
of a given specimen with fatigue cycling and therefore once the value 
of coercivity or hysteresis loss of the start material has been 
measured, it appears possible to monitor the progress of fatigue from 
the changes in these properties. 
While the present results are encouraging and indicate the 
possible applications of magnetic methods to the problern of estimation 
of fatigue life, it is felt that wider rauging investigations are 
necessary, involving a more comprehensive selection of specimens. Such 
studies are now planned and if successful, should lead to the 
development of new NDE techniques for monitaring of fatigue damage . 
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